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GRAPHICAL ABSTRACT

We first reported an ultrasensitive hydrogen peroxide biosensor in this work, which was fabricated by coating graphene-gold nanocomposite, CdTe-CdS
core-shell quantum dots, gold nanoparticles and horseradish peroxidase in sequence on the surface of gold electrode. Since a promising their electrocat-
alytic synergy towards hydrogen peroxide was achieved, the biosensor displayed very high sensitivity, low detection limit (S/N=3) (3.2 x 10~ M) and
good long-term stability (20 weeks).

G-AuNPs %

HIGHLIGHTS

e We for the first time integrated novel hydrogen peroxide biosensor based on G-AuNP, CdTe-CdS and AuNPs.
¢ Three nanomaterials show remarkable synergistic electrocatalysis towards hydrogen peroxide.
¢ The biosensor provides the best sensitivity in all biosensors based on graphene for detection of glucose up to now.
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(CdTe-CdS), gold nanoparticles (AuNPs) and horseradish peroxidase (HRP) in sequence on the surface
of gold electrode (GE). Cyclic voltammetry and differential pulse voltammetry were used to investigate
electrochemical performances of the biosensor. Since promising electrocatalytic synergy of G-AuNP,
CdTe-CdS and AuNPs towards hydrogen peroxide was achieved, the biosensor displayed a high sensitiv-
ity, low detection limit (S/N=3)(3.2 x 10~ M), wide calibration range (from 1 x 10-'°Mto 1.2 x 10-8 M)
and good long-term stability (20 weeks). Moreover, the effects of omitting G-AuNP, CdTe-CdS and AuNP
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Gold nanoparticles were also examined. It was found that sensitivity of the biosensor is more 11-fold better if G-AuNP,
Biosensor CdTe-CdS and AuNPs are used. This could be ascribed to improvement of the conductivity between
Hydrogen peroxide graphene nanosheets in the G-AuNP due to introduction of the AuNPs, ultrafast charge transfer from
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CdTe-CdS to the graphene sheets and AuNP due to unique electrochemical properties of the CdTe-CdS,
and good biocompatibility of the AuNPs for horseradish peroxidase. The biosensor is of best sensitivity in
all hydrogen peroxide biosensors based on graphene and its composites up to now.

© 2011 Published by Elsevier B.V.

1. Introduction

Graphene, a one-atom thick and two-dimensional closely
packed honeycomb lattice, has received numerous investigations
from both experimental and theoretical scientific communi-
ties since the experimental observation of single layers [1].
As a counterpart of graphite with well-separated 2D aromatic
sheets, graphene possesses high electron mobility under ambi-
ent conditions [2] and large specific surface area with low
manufacturing cost [3]. These unique properties make graphene
as promising additive or supporting component for potential
applications in many technological fields such as solar cell [4],
lithium-ion battery [5] and ultracapacitor cell [6]. At present,
the use of graphene for biosensor received much attention
[7]. However, the studies showed single-, few-, and multi-
layer graphene materials are not of significant advantages over
graphite microparticles in electroanalysis due to poor con-
ductivity between graphene nanosheets and biocompatibility
[8]. To date, graphene-metal nanocomposite has become a
hot research topic in material science because the hybridiza-
tion can be an effective strategy to enhance functionality of
the material [9], and the integration of nanomaterials poten-
tially paves new way to enhance their electronic, chemical, and
electrochemical properties. Among these, graphene-noble metal
nanocomposite has attracted special attention due to remarkable
electrochemical properties such as graphene-gold nanocompos-
ite (G-AuNP) [10-12] and graphene-platinum nanocomposite
[13]. Many investigations have demonstrated the graphene-noble
metal hybrid materials offer better electrocatalytic activity than
sole graphene. Moreover, some biocompatible materials, such
as gold nanoparticle (AuNPs), chitosan and ionic liquid, were
introduced into the modified layers to improve the stability of
enzyme [14-16].

Semiconductor quantum dots are quasi zero dimensional mate-
rials that have gained a great deal of research interest in the
past decade due to their exciting size- and shape-dependent
properties. Much effort has been made to synthesize quan-
tum dot materials with band gaps that can be easily tuned
by changing their size and shape [17]. These materials are
highly luminescent with narrow emission line widths, which
have enormous potential applications, including use in biolabel-
ing [18] and nanosensor [19]. However, for better application
of quantum dots, efficient charge separation has remained a
challenge. To improve the charge transfer of quantum dots,
many core-shell nanocrystals such as CdTe-CdS have been syn-
thesized and investigated in the five years, which provide the
improvement of photostability, charge carrier and charge trans-
fer dynamics [20,21]. Recently, Wang and co-workers found
graphene not only enhances electrochemiluminescent intensity
of the quantum dots but also decreases the electrochemilumi-
nescent onset potential with the co-reactant hydrogen peroxide
[22].

Considering benefits of the G-AuNP, CdTe-CdS and AuNPs, we
have integrated them in a biosensor fabrication to exploit electro-
catalytic synergy on the improvement of biosensor characteristics
in this study. To the best of our knowledge, such a hydrogen perox-
ide biosensor has not been reported so far with these integrated
components. The biosensor presents high sensitivity, selectivity
and long-term stability towards the detection of trace hydrogen
peroxide.

2. Experimental
2.1. Chemicals

Horseradish peroxidase (HRP) (250Umg-!), graphite, 1-
mercaptopropionic acid (>99%), CdCl, (99.99%), tellurium powder
(Te) (99.997%), NaBH4 (95%), HAuCl4-3H,0 and chitosan (CS)
(85%) were obtained from Sigma-Aldrich Chemical Company
(Mainland, China). H,O, (30wt%) was purchased from Beijing
Chemical Reagent Company. A phosphate buffered saline (PBS, pH
7, NaHPO4-KH;PO4-NaCl-KCl, 0.01 M) was prepared in the lab-
oratory. The CS solution was prepared by dissolving 0.5 g of the
CS in 100 mL of 1.0% (v/v) acetic acid. The AuNPs were synthe-
sized by a method described in Ref. [22]. The CdTe-CdS core-shell
quantum dots were prepared by similar method in Ref. [23]. All
other reagents employed were of analytical reagent grade or with
highest quality and were purchased from Shanghai Chemical Com-
pany (Shanghai, China), and ultra pure water (18.2 M cm) purified
from a Milli-Q purification system was used throughout the
experiment.

2.2. Apparatus

Electrochemical experiments were performed with an IM6e
electrochemical system (ZAHNER Elektrik, German). A conven-
tional three electrode system was used with Ag/AgCl (saturated
KCI) electrode as the reference electrode, platinum wire as
the counter electrode, and bare or the modified gold electrode
(d=2mm) as working electrode. Before use, gold electrode was
carefully polished to a mirror finish with 1.0-, 0.3-, and 0.05-
pm alumina powder in sequence, rinsed thoroughly with pure
water between each polishing step, sonicated in ethanol and pure
water for 5min, respectively, and dried with nitrogen. If not
mentioned, all potentials given below were relative to Ag/AgCl
(saturated KCI) electrode. Electrochemical impedance measure-
ments were performed in 20mL of a pH 7.0 PBS containing
1.0 mM K3[Fe(CN)g]/K4[Fe(CN)g] (1:1 mixture). The impedance
spectra were measured in the frequency range from 10° Hz to 1 Hz
in a potential of 0.20V versus Ag/AgCl (saturated KCI), with a volt-
age amplitude of 5mV. The impedance Zwas expressed in terms of a
real (Z') and an imaginary (Z”) component. Impedance signals were
recorded after reaction between the electrodes and the unstirred
substrate solution for 5 min. All electrochemical experiments were
carried out under quiescent conditions.

Transmission electron microscope (TEM) image, Raman spec-
trum and X-ray diffraction (XRD) patterns were obtained using
a JEOL-2100F transmission electron microscope equipped with
an INCA X-ray energy dispersive spectrometer, a HR800 Raman
microprobe with a 514 nm laser excitation and an X-ray D/max-
2200vpc (Rigaku Corporation, Japan) instrument operated at 40 kV
and 20 mA and using Cu Ka radiation (k=0.15406 nm), respectively.

2.3. Synthesis of G-AuNP

Graphene oxide was prepared from natural flake graphite power
by the modified Hummers method [24,25]. The graphene oxide
(140 mg) and 1.0 mL of HAuCly solution (2.5 mM) were transferred
into 140 mL of water. After the dispersed solution was sonicated for
several hours until it became translucent with no visible particulate
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Fig. 1. General procedure for fabrication of HRP/AuNPs /CdTe-CdS/G-AuNP/GE.

matter, it was heated to 100°C. Then, 2.5 mL of tri-sodium citrate
(3.4mM) and 2.5 mL of NaBH4 solution (50 mM) were added to the
above solution with well stirring for 1 h under 100 °C. The resulting
G-AuNP was collected by centrifugation, washed with water for
three times and dried in a vacuum drier for 24 h.

2.4. Preparation of the biosensor

The G-AuNP was dispersed in the CS solution with a few minutes
of ultrasonication to achieve G-AuNP solution (1.0 mg mL~1). After
that, the G-AuNP solution (5 L) was dropped onto the surface of
gold electrode and allowed to dry in ambient air for 12 h to obtain
G-AuNP-modified electrode. By the same procedure, a 2.5 puL of
CdTe-CdS solution (1 mM), 2.5 wL of AuNPs solution (1 mM) and
2.5 L of the CS solution were cast onto surface of the modified
electrode in sequence. Finally, a 5 L of HRP solution (10 mg mL~1)
was cast on the prepared AuNPs/CdTe-CdS/G-AuNP/GE. Right after
casting, the biosensor (HRP-AuNPs/CdTe-CdS/G-AuNP/GE) was
moved into a refrigerator and kept at 4 °C to dry overnight. During
the experiment, the biosensor was stored at 4 °C until use (shown
in Fig. 1).

180

3. Results and discussion
3.1. Characterization of the G-AuNP

During preparation of G-AuNP, the reduction of graphene oxide
and deposition of AuNPs on the graphene sheets simultaneously
occurred. The as-prepared G-AuNP was well characterized by TEM,
electrochemical impedance spectroscopy, XRD and Raman spec-
trum. As shown in Fig. 2, the AuNPs with particle size of about 10 nm
were well separated on the wrinkled graphene sheets. The electron
transfer resistance of the redox for the G-AuNP was remarkably
lower than that of the sole graphene, indicating that the G-AuNP
has better conductivity than the sole graphene. XRD pattern of the
G-AuNP includes four sharp diffraction peaks at scattering angles
of 38.28°, 44.48°, 64.6° and 77.64°, corresponding to crystal planes
(111),(200),(220) and (311) of gold face-centered cubic crys-
tallographic structure (JCPDS card No. 65-2870). Fig. 2c exhibits
a strong D line at 1351 cm™!, corresponding to a breathing mode
or j-point photons of A;z symmetry, and a relatively weak G line
at 1581 cm~!, which should be assigned to the in-plane bond-
stretching motion of pairs of C sp? atoms (the first order scattering
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Fig. 2. TEM (a), electrochemical impedance spectrum (b), XRD (c) and Raman spectrum (d) of G-AuNP.
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Fig. 3. Cyclic voltammogram of HRP/AuNPs/CdTe-CdS/G-AuNP/GE in PBS (pH 7.0)
at 50, 100, 150, 200, 250, 300, 350, 400 and 450mVs~! (from a to i). Inset: Peak
current as a function of different scan rates.

of the Exg photons). D mode is forbidden in perfect graphite and only
becomes active in the presence of disorder, the significant increase
of D/G intensity ratio shows the decrease of the size of the in-plane
sp? domains and partially disordered crystal structure of graphene
nanosheets. Above results demonstrated we successfully obtained
areal graphene-gold nanocomposite by in situ synthetic approach.

3.2. Electrochemical properties of the modified electrode

Electrochemical stability of the modified electrode was checked
by a repetitive potential sweep at a 100mV s~! of scan rate. It was
found the peak currents almost maintained the same intensity after
100 scans (no shown). The fact exhibits that the modified elec-
trode has fairly good electrochemical stability and the leakage of
AuNPs, CdTe-CdS and G-AuNP on the surface of the modified elec-
trode can be neglected. Moreover, the effect of varying scan rate on
electrochemical performance of the modified electrode was also
examined by cyclic voltammetry (CV). Fig. 3 clearly shows that
both the cathodic and anodic peak currents increase with increas-
ing the scan rate and enhancements of both currents are linear to
the square root of scan rate, but peak potentials are nearly indepen-
dentofthe scanrate. The above results revealed the electrochemical
kinetics was a reversible and diffusion-confined electrochemical
process. As the electrochemical measurements were carried out
in oxygen saturated PBS solution, the cathodic and anodic peak
currents should be assigned to the reduction of oxygen and the
oxidization of hydrogen peroxide under the synergistic electro-
catalysis of AuNPs, CdTe-CdS and G-AuNP on the surface of the
modified electrode.

3.3. Electrochemical response of the biosensor to hydrogen
peroxide

The CVs of the as-prepared biosensor in the absence and pres-
ence of 1x 108 M hydrogen peroxide in pH 7.0 PBS are shown
in Fig. 4. As can be seen, after addition of hydrogen peroxide, the
cathodic and anodic peak current increased dramatically, indicat-
ing catalytic properties of the modified electrode towards hydrogen
peroxide. Because the reduction current responses are higher than
the oxidization current responses, hydrogen peroxide concentra-
tion was determined by monitoring the increase in the reduction
peak current of the biosensor.

Current (pfY)

-3 1 1 1 1
04 02 0 02

Potential (V)

Fig. 4. Cyclic voltammograms of HRP/AuNPs/CdTe-CdS/G-AuNP/GE in the absence
hydrogen peroxide (a) and presence of 1 x 10-® M hydrogen peroxide (b) in pH 7.0
PBS at 100mVs—'.

The catalytic mechanism of the immobilized HRP towards
hydrogen peroxide can be explained by the Scheme 1. As shown
in the Scheme 1, the HRP immobilized on the modified electrode
reacts with hydrogen peroxide to form a first intermediate (Com-
pound I), which is a two-equivalent oxidized form containing an
oxyferryl heme (Fe**=0) and a porphyrin 7 cation radical. Com-
pound I shows catalytic activity, and its porphyrin radical abstracts
one electron from the electrode to form a second intermediate
(Compound II), which is subsequently reduced back to the native
HRP by accepting one electron from the electrode [26]. During
above process, the synergistic contributions of G-AuNP, CdTe-CdS
and AuNPs as nanocomposite mediator improve the electron relay
for activation of oxidation of hydrogen peroxide, which would
accelerate electrochemical reaction and results a high enzyme
activity and rapid response to hydrogen peroxide.

3.4. Effect of pH

The pH value of the electrolyte is important to performance of
the biosensor because activity of the enzyme is affected greatly by
acidity of the medium. The results showed the CV peak current
response of the biosensor at different pH values in the presence of
the same concentration of hydrogen peroxide. The response current
increased from pH 5.0 and reached the maximum at pH 7.0, then
decreased to pH 7.5. Strongly acidic or alkaline environments would
result in the denaturation of enzyme. Therefore, pH 7.0 is selected
as the optimized value for the HRP.

3.5. Calibration, linearity and detection limit

The calibration curve of hydrogen peroxide in pH 7.0 PBS
was measured by differential pulse voltammetry. As shown in

HRP (Fe’") + H,0, — Compound I (Fe**=0) )
Compound I (Fe4+=0) +¢ +H" — Compound II (2)
Compound I + ¢+ H" — HRP (Fe*") + H,O (3)

Scheme 1. The catalytic mechanism of the immobilized HRP towards hydrogen
peroxide.
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Fig. 5. Differential pulse voltammograms for the determination of
HRP/AuNPs/CdTe-CdS/G-AuNP/GE to sequential addition of a series of hydrogen
peroxide concentration from 0.0 M to 12 nM. Inset: Calibration plot of concentration
of hydrogen peroxide vs. peak current.

Fig. 5, the anodic peak current of hydrogen peroxide was linearly
related to the concentration over the range from 1x 10-1°M to
1.2 x 108 M. The linear regression equation was Ip, (LA) =0.0482C
(nM)+1.52, with a correlation coefficient of R=0.9993. The detec-
tion limit (S/N=3) was 3.2 x 10~ 11 M that was obtained from the
signal-to-noise characteristics of these data (S/N =3), which is obvi-
ously better than other hydrogen peroxide biosensors based on
graphene materials such as Au-graphene-HRP-chitosan biocom-
posites (1.7 x 1076 M) [12], cationic polyelectrolyte-functionalized
graphene/gold nanoparticles (2.2 x 10-7M) [27], single-layer
graphene nanoplatelet-enzyme composites (1.05 x 10~7 M) [28],
Ag/graphene composites (2.8 x 10-7 M) [29], MnO,/graphene
oxide nanocomposite [30], and graphene modified basal-edge
plane pyrolytic graphite [31].

3.6. Functions of G-AuNP, CdTe-CdS and AuNPs

To understand functions of the G-AuNP, CdTe-CdS and
AuNPs, four hydrogen peroxide biosensors were well fabricated
by the same procedure described in Section 2.4, including the
HRP/AuNPs/CdTe-CdS/G-AuNP/GE, HRP/AuNPs/CdTe-CdS/GE
(only without G-AuNP), HRP/AuNPs/G-AuNP/GE (only without
CdTe-CdS) and HRP/CdTe-CdS/G-AuNP/GE (only without AuNPs).
Then, their analytical characteristics were well investigated by
differential pulse voltammetry. It was found that the detection lim-
its are 3.2x 10-''M for the HRP/AuNPs/CdTe-CdS/G-AuNP/GE,
3.6x10719M for the HRP/AuNPs/CdTe-CdS/GE, 6.6 x 10-11M
for the HRP/AuNPs/G-AuNP/GE and 5.1x10"!'M for the
HRP/CdTe-CdS/G-AuNP/GE, indicating that the sensitivity of
HRP/AuNPs/CdTe-CdS/G-AuNP/GE is higher than 11-fold that of
HRP/AuNPs/CdTe-CdS/GE, 2-fold that of HRP/AuNPs/G-AuNP/GE
and 1.6-fold that of HRP/CdTe-CdS/G-AuNP/GE. These results
showed the each nanomaterial is very important to improve
sensitivity of the biosensor.

High sensitivity of  the biosensor  (HRP/AuNPs/
CdTe-CdS/G-AuNP/GE) should be attributed to unique sur-
face architecture. First, the CdTe-CdS, located middle of the
surface architecture, acts as an electron transfer channel between
G-AuNP and AuNPs. As the CdTe-CdS offers an ultrafast charge
carrier and charge transfer, the relay of electron transfer is very

efficient and rapid. Moreover, particular alignment of conduction
and valence band of the CdTe-CdS creates favoring electron
transfer between CdTe-CdS and AuNPs or G-AuNP [32]. Second,
the AuNPs, located outside of the surface architecture, was used
to immobilize the HRP and facilitate electron transfer between
the HRP and CdTe-CdS [22]. When oxidation of the redox carry
out on the surface of the modified electrode, the AuNPs act as
“donor” of the electron and rapidly pushes the electron towards
the CdTe-CdS, in which the CdTe-CdS acts as “acceptor” of the
electron and pulls the electron towards the CdTe-CdS. Above push
and pull activities will accelerate the electron transfer between the
AuNPs and CdTe-CdS, as well as the hole transfer in the CdTe-CdS
[33]. Third, the G-AuNP, located inside of the surface architec-
ture, will enhance the electron transport between G-AuNP and
CdTe-CdS, and suppress the recombination of electron-hole pair
in the CdTe-CdS due to large specific electronic conjugate system
[34,35]. When oxidation of the redox carry out on the surface of the
modified electrode, the G-AuNP acts as “acceptor” of the electron
and rapidly pulls the electron towards the G-AuNP, in which
CdTe-CdS acts as “donor” of the electron and pushes the electron
towards the G-AuNP. The push and pull activities will accelerate
the electron transfer between G-AuNP and CdTe-CdS, and the hole
transfer in the CdTe-CdS. In conclusion, the combination of above
three factors brings an electrocatalytic synergy towards hydrogen
peroxide.

3.7. Reproducibility and stability

The reproducibility and stability of the biosensor were per-
formed by measuring the current response of the biosensor upon
1.0 x 10-8 M of hydrogen peroxide. The average relative standard
deviation was not more than 1.22% for ten successive deter-
minations using the same biosensor, and 2.3% for six different
biosensors which were fabricated independently by the same pro-
cedure described in Section 2.4, indicating the good reproducibility
of the method. The as-prepared biosensor was stored in air at an
ambient conditions, the current response was recorded each week.
It was found that the peak current response at differential pulse
voltammetry is approximately 97.2% of the originally measured
value after 20 weeks. The fact shows good long-term stability and
sensitivity for the analysis of real samples.

3.8. Interferences study

The influence of electrochemical interference to hydrogen per-
oxide on the current response of the biosensor was evaluated. The
results indicated the injection of 100-fold ascorbic acid and 100-
fold uric acid did not influence the current response of hydrogen
peroxide (1.0 x 10-8 M). Electrochemical detection of hydrogen
peroxide was possible at a lower potential due to the synergistic
electrocatalytic influences of AuNP, CdTe-CdS and G-AuNP. Hence,
there is negligible interference from other electro-active compo-
nents.

4. Conclusions

The electrocatalytic synergy of G-AuNP, CdTe-CdS and AuNPs
remarkably improves the electron relay and accelerates the
electrochemical reaction, and AuNPs-CS film offers favorable
microenvironment to keep bioactivity of the HRP. The as-prepared
biosensor provides the best sensitivity in all biosensors based on
graphene materials for detection of hydrogen peroxide up to now.
This study also opens up a new challenge and approach to explore
the electrochemical features of graphene or its nanocomposites for
the potential utilizations.
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